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ABSTRACT 
Chest tomosynthesis is a relatively recently introduced technique in health-
care, which produces section images of the chest at a lower radiation dose 
than computed tomography (CT) and with better depth resolution than con-
ventional chest radiography. The primary aims of the studies described in this 
dissertation were to compare chest tomosynthesis with conventional radiog-
raphy, to evaluate the effects of clinical experience and learning with feed-
back on the performance of observers analyzing tomosynthesis images, and 
to investigate the effect of radiation dose level in tomosynthesis, in the detec-
tion of pulmonary nodules. Human observer studies were performed, in 
which radiologists were instructed to localize and rate pulmonary nodules in 
patient images. Chest CT was used as reference. The observers’ performance 
regarding the detection of nodules was used as measure of detectability. The 
results of the studies indicate that the detection of pulmonary nodules is bet-
ter in chest tomosynthesis than in conventional chest radiography, that expe-
rienced thoracic radiologists can quickly adapt to the new technique, that 
inexperienced observers may perform at a similar level to experienced radi-
ologists after a learning session with feedback, and that a substantial reduc-
tion in the effective dose to the patient may be possible. 
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Detektion av noduler i 
lungtomosyntes 
Jämförelse med lungröntgen, utvärdering av 
inlärningseffekter och analys av stråldosnivåns 
inverkan 
POPULÄRVETENSKAPLIG SAMMANFATTNING 
Vid en traditionell röntgenundersökning (s.k. projektionsröntgen eller slät-
röntgen) avbildas kroppens 3-dimensionella strukturer genom att de projice-
ras ner i ett plan. Detta innebär att framför- och bakomliggande strukturer 
överlappar varandra, vilket kan försvåra detektionen av små strukturer. 
Datortomografi (DT, eller skiktröntgen) är en röntgenteknik som – till skill-
nad från traditionell röntgen – ger snittbilder av kroppen, och därmed är pro-
blemet med överlagrad anatomi löst. Detta sker dock till kostnaden av en 
avsevärt högre stråldos till patienten. Tomosyntes är en relativt ny röntgen-
teknik som – liksom DT – ger snittbilder, men till en stråldos som liknar den 
för en traditionell röntgenundersökning. Att åstadkomma tillräckligt god bild-
kvalitet vid så låg stråldos som rimligt är möjligt är viktigt, och det kan 
framför allt framför allt gynna unga patienter som behöver genomgå många 
undersökningar med DT, eftersom de då inte utsätts för lika stor risk för att 
utveckla cancer senare i livet. Tomosyntes innebär också en mindre kostnad 
och mindre tidsåtgång jämfört med DT. All överlagrad anatomi kan dock inte 
elimineras helt i tomosyntesbilderna, även om den kan minskas avsevärt 
jämfört med traditionell röntgen. 
I studierna som presenteras i denna avhandling undersöks huruvida lung-
tomosyntes kan förbättra detektionen av lungnoduler (små tumörmisstänkta 
strukturer) jämfört med traditionell lungröntgen och om en dossänkning av 
tomosyntesundersökningen är möjlig utan att detektionen av noduler försäm-
ras. Den behandlar också tolkning av tomosyntesbilder vad gäller inlärning 
och eventuella fallgropar. 
Slutsatserna från studierna är att lungtomosyntes är överlägsen traditionell 
lungröntgen när det gäller detektion av lungnoduler, speciellt då det gäller 
små noduler, vilka är svårast att detektera i traditionella lungröntgenbilder. 
När det gäller stråldosen för tomosyntes, så finns det möjligheter att sänka 
dosen avsevärt utan att minska noduldetektionen nämnvärt. När det gäller 
inlärning så indikerar resultaten att erfarna thoraxröntgenläkare kan lära sig 
att granska tomosyntesbilder trots relativt liten erfarenhet av tekniken och att 
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oerfarna granskare kan komma upp till en liknande nivå med hjälp av inlär-
ning. De fallgropar i tomosyntes som utmärkte sig mest utgjordes främst av 
svårigheten att avgöra strukturers läge i och nära gränsskikt mellan lunga och 
kompakt överlagrande anatomi, framför allt längst bak och längst fram i 
lungorna där revben ofta överlagrar intressanta strukturer. Detta beror på att 
tomosyntesteknikens begränsade upplösning har störst betydelse i dessa 
områden. Slutsatserna visar på att tomosyntes har stor potential att förbättra 
lungröntgendiagnostiken till en försumbar ökning i stråldos samt att tekniken 
kan utgöra ett värdefullt redskap inom lungdiagnostik i framtiden. 
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DEFINITIONS IN SHORT 
AFROC curve The plot of the lesion localization fraction 
versus the false positive fraction. 
FROC curve The plot of the lesion localization fraction 
versus the non-lesion localization fraction. 
Highest noise rating The non-lesion localization with the highest 
rating in a case. 
JAFROC (JAFROC2) figure 
of merit 
The area under the AFROC curve, using the 
highest noise rating in normal cases to 
calculate the false positive fraction. 
JAFROC1 figure of merit 
 
The area under the AFROC curve, using the 
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1 GENERAL INTRODUCTION 
Conventional chest radiography is a radiographic projection technique that 
has been available in healthcare for more than a century. It is an easily acces-
sible, inexpensive form of examination1,2, but has the drawback of limited 
sensitivity, as overlapping anatomy may obscure pathology3–5. Computed 
tomography (CT), which was introduced to healthcare in the 1970s, is a  
3-dimensional technique providing parallel sections of the body, and obscur-
ing anatomy can thus be eliminated. Structures of interest may, therefore, be 
more easily detected than in conventional radiography. The disadvantages 
usually associated with CT are high effective doses, high cost and lower 
accessibility than conventional radiography. 
Chest tomosynthesis is a rather new technique that has recently been intro-
duced to healthcare6–11. In chest tomosynthesis, the same equipment is used 
as for conventional chest radiography, but the X-ray tube is moved vertically 
relative to the image detector through a limited angular interval while projec-
tion images are acquired. These projection images are then used to recon-
struct an arbitrary number of section images, thus reducing the overlapping 
anatomy. The potential benefits associated with tomosynthesis are low radia-
tion doses, low costs and easy access compared to CT, and enhanced image 
quality compared to conventional radiography. 
When a new imaging technique, such as chest tomosynthesis, is introduced, 
extensive investigations are required to establish its usefulness and validity in 
healthcare. For example, it should be tested against already existing standard 
techniques, optimized and tested for various diagnostic questions. One of the 
most challenging tasks for the thoracic radiologist is the detection of pulmo-
nary nodules12, i.e. small rounded structures which may potentially be malig-
nant. Because of the difficulty of the task, but also because of the great clini-
cal importance of pulmonary nodules, the detectability of these lesions is 
often used as measure of performance. Image quality criteria based on 
important anatomical landmarks may also be suitable for optimization of this 
new technique. No such quality criteria are currently available and, therefore, 
suitable quality criteria need to be developed. 
Whenever ionizing radiation is used, the exposure of human beings shall be 
kept as low as reasonably achievable13. In medical imaging, attempts must 
always be made to obtain a diagnostic image with acceptable quality using 
the lowest possible radiation dose to the patient. Since chest tomosynthesis is 
a relatively new technique, there is only limited knowledge on the effects of 
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dose reduction on the image quality, and the possibility of reducing the dose 
while ensuring sufficient image quality. Moreover, when a technique has 
only been in clinical use for a short period of time, there may be a lack of 
knowledge regarding how to correctly analyze the images of the new modal-
ity. Information on the difficulties associated with interpreting the images 
obtained with the new modality may therefore be valuable. 
Chest tomosynthesis was introduced at the Department of Radiology at 
Sahlgrenska University Hospital in December 2006. In order to study tomo-
synthesis, a research group was established including both thoracic radiol-
ogists and medical physicists. Since the radiologists at the department were 
among the very first in the world to use chest tomosynthesis clinically, none 
of them had any experience of the technique at that time. In order to investi-
gate learning effects in chest tomosynthesis, the research group initiated col-
laboration with another research group at the Institution of Education, Com-
munication and Learning at the University of Gothenburg. The project in 
which this collaboration was incorporated focuses on how radiologists adapt 
their methods of interpretation and diagnosis when using new imaging tech-
niques. The project is part of a larger interdisciplinary research collaboration, 
called the LETStudio (www.letstudio.gu.se), which investigates knowledge, 
learning, communication and expertise in modern society, particularly 
through the introduction of new media-based technologies. 
At the Department of Radiology at Sahlgrenska University Hospital, chest 
tomosynthesis has so far primarily been used as an additional mode of 
examination for the evaluation of suspicious findings in chest radio-
graphs11,14. However, chest tomosynthesis may be useful for several other 
purposes, but thorough investigations are needed to determine situations in 
which chest tomosynthesis is most suitable. The aim of the studies described 







The aims of the research presented in this dissertation were: 
• to compare chest tomosynthesis and conventional chest radiography 
regarding the detection of pulmonary nodules (Paper I), 
• to investigate the effect of clinical experience and learning with 
feedback on observer performance regarding pulmonary nodule 
detection (Papers II and III), 
• to identify potential pitfalls and to formulate image quality criteria 
for chest tomosynthesis (Paper III), and 
• to investigate the effect of radiation dose level on the detectability of 
pulmonary nodules in chest tomosynthesis (Paper IV). 
 




3.1 Conventional chest radiography  
Conventional chest radiography is one of the most common radiological pro-
cedures performed at medical imaging departments. It is a valuable tool for 
rapidly obtaining information on the status of the heart and lungs, and for 
identifying various lung diseases, including lung cancer, which is the most 
common cause of cancer deaths globally15. Conventional chest radiography is 
associated with easy access and low costs. It also has the benefit of low radi-
ation doses to patients. Typically effective doses for a radiography examina-
tion, including a posteroanterior (PA) and a lateral (LAT) projection are 0.05-
0.1 mSv16–20. However, being a projection technique, the overlapping anat-
omy, which has been shown to be the main factor limiting the detection of 
many types of lesions in radiographs21–28, obscures structures of interest and 
conventional chest radiography has been shown to suffer from low sensitivity 
of lesions3–5. 
 
3.2 Computed tomography of the chest  
CT provides section images of the chest, and the problem of overlapping 
anatomy is thus eliminated. The detectability of lesions is therefore superior 
to that in conventional chest radiography. However, CT also has several 
drawbacks; patient doses when performing chest CT can be as high as sev-
enty times those in conventional chest radiography20 and the technique is 
more expensive and time consuming than conventional radiography.  Not-
withstanding these disadvantages, the use of CT has increased over the past 
decade in, for example, the USA and the Nordic countries29,30. The Nordic 
Radiation Protection Co-operation recently expressed concern over the 
increased use of CT, due to the higher radiation doses associated with this 
modality. In a press release issued in 2012 they warned against the overuse of 
CT30. Further, in a study on the effect of CT, it has been found that the base-
line cancer risk increased with cumulative exposure to radiation from CT31. 
Awareness of radiation risks in medical imaging has recently resulted in 
efforts to reduce CT doses, resulting, for example, in tube current modula-
tion, adapted selection of tube voltage, iterative reconstruction techniques and 
low-dose protocols for specific examinations32–37. Such efforts have resulted 








Tomosynthesis has only recently been introduced into healthcare, despite the 
fact that it was investigated in conjunction with the development of conven-
tional tomography. During this rather extended time period, many researchers 
competed in the attempt to develop a section imaging X-ray technique38. The 
technique that was later called tomosynthesis by Grant in 197239 was initially 
described by Ziedses des Plantes in 193240, and the first system was con-
structed by Garrison and coworkers in 196941. However, the lack of fast com-
puters and fast read-out detectors made tomosynthesis unsuitable in 
healthcare, until recently. CT became the gold standard in medical imaging as 
it was possible to satisfy its technical demands at an earlier stage. 
The same equipment as that used in conventional radiography is used in 
tomosynthesis, but whereas the configuration is stationary in conventional 
radiography, the tube is moved in tomosynthesis and images are acquired at 
various angles in a limited angular interval6,9,10. The technique is closely 
related to conventional tomography, in which one section image is acquired 
per sweep. The major drawback of conventional tomography is that multiple 
images require additional sweeps, thus increasing the radiation burden on the 
patient with every additional image. In tomosynthesis, however, this problem 
is overcome by fast read-out of the detector, resulting in several projection 
images being acquired at extremely low doses. These projection images are 
then used to reconstruct arbitrarily chosen section images of the body. One 
technique that is often used to describe the reconstruction of the tomosynthe-
sis section images is the shift-and-add method, which is essentially equiva-
lent to unfiltered back projection6. According to this method, the projection 
images acquired at various angles are shifted in relation to each other, result-
ing in the blurring of structures outside the plane of interest, while the in-
plane structures are focused. The concept of the shift-and-add technique is 
visualized in Figure 1. 
 




Figure 1. Illustration of the images obtained by moving the X-ray tube relative to the detector 
in tomosynthesis. The anatomical structures in different planes (A and B) are projected onto 
different locations in the image receptor at different angles, as shown above. Applying the 
shift-and-add reconstruction technique brings the structure of interest into focus, while 





As only a limited angular interval is used for the acquisition of the projection 
images in tomosynthesis, parts of the frequency space remain unsampled6. 
This results in poorer depth resolution than CT, in which the whole frequency 
space is sampled (although the sampling density is higher at the center, and is 
compensated for by filtering). The depth resolution in tomosynthesis can be 
increased by increasing the angular interval, but this will either result in a 
decrease in the projection density, i.e. the number of projections divided by 
the total angle (if the dose per projection image is unchanged), or an increase 
in the total radiation dose to the patient (if the projection density is 
unchanged)42. Reducing the number of projection images may lead to arti-
facts, as the blurring of out-of-plane structures may produce ripple when the 
number of projection images used for reconstruction is insufficient42. Other 
artifacts are also common in tomosynthesis. One of these is the ghost artifact, 
which is a result of incomplete blurring of high-contrast objects extending in 
the sweep direction42, and is seen as reproduction of the structure in many 
consecutive section images where it should not be present. Another artifact, 
which is caused by the limited angle interval used in tomosynthesis, is 
incomplete cancellation of structures outside the plane of interest42. This blur-
ring artifact is most prominent for highly attenuating structures perpendicular 
to the direction of the tomosynthesis sweep, for example, ribs in the case of 
chest tomosynthesis. However, although tomosynthesis has poorer depth 
resolution than CT, the technique results in higher in-plane resolution, since 
flat-panel detectors with very high resolution is used in tomosynthesis. 
The three major applications of tomosynthesis are in breast, chest and ortho-
pedic examinations, and breast tomosynthesis10,43–45 has been the subject of 
most interest to date. The use of the technique in clinical imaging has been 
suggested, but its use in breast cancer screening has also attracted considera-
ble attention43–49. Promising results have been reported from screening trials 
using breast tomosynthesis combined with conventional mammography 
compared to conventional mammography alone49,50. In orthopedic imaging, 
tomosynthesis has been shown to have the potential to improve radiography 
in several diagnostic tasks51–53. The third application mentioned above, chest 
tomosynthesis, will be described in more detail in the next section. 
 
 3.3.1 Chest tomosynthesis 
Chest tomosynthesis is one of the most common applications of tomosynthe-
sis7–11. The positioning of the patient is usually identical to the PA position-
ing in conventional chest radiography, i.e. the patient stands in an upright 
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position, front of the chest facing the detector. A supine or prone position is 
also possible if a tabletop system is being used. A LAT chest tomosynthesis 
examination may be performed, but the effective dose to the patient for a 
LAT tomosynthesis may be 3-4 times higher than for a PA tomosynthesis 
(assuming that the relationship between the effective doses for a PA and a 
LAT projection in conventional chest radiography is also valid for tomosyn-
thesis17). In order to avoid breathing artifacts in the tomosynthesis images, 
the patients are instructed to hold their breath during the tomosynthesis 
sweep, which takes approximately 5-10 seconds depending on the equipment. 
Typically reported effective doses to patients undergoing chest tomosynthesis 
are 0.1-0.2 mSv16–19,54, but as chest tomosynthesis has not been optimized to 
the same degree as conventional chest radiography and chest CT, it may be 
possible to reduce these doses.  
Commercial chest tomosynthesis systems are presently supplied by Fujifilm, 
Shimadzu and GE Healthcare. In all four studies described in this disserta-
tion, the GE Healthcare tomosynthesis system, VolumeRAD (or a beta ver-
sion of the commercially available product) was used. VolumeRAD has an 
exposure angular interval of ±15º, and 60 projection images are acquired 
during the 11 s sweep. In order to determine a suitable tube output, a scout 
image is acquired at 0º. The tube output used for the scout image is multi-
plied by a user-adjustable dose ratio, and is then equally distributed between 
the 60 projection exposures. The reconstruction technique employed is fil-
tered back-projection, and the section images are usually reconstructed at 
intervals of 5 mm, typically resulting in about 60 coronal images of the chest. 
However, more images may be reconstructed for larger patients, if necessary. 
Apart from the artifacts associated with tomosynthesis in general, motion 
artifacts may occur in chest tomosynthesis if the patient is unable to stand 
still, or hold his or her breath during the entire sweep. These may result in 
lower detectability of lesions55. Motion artifacts due to the motion of the 
beating heart, which are not as severe as breathing artifacts, cannot be 
avoided. 
As mentioned above, chest tomosynthesis is a relatively inexpensive method. 
The cost of chest tomosynthesis is presented in Paper I. The extra cost 
involved in purchasing the GE Healthcare tomosynthesis option in addition to 
the radiography system, is about 25% of the cost of the conventional radiog-
raphy system. The clinical costs of chest tomosynthesis at Sahlgrenska Uni-
versity Hospital, including reading time, archiving costs etc., adds ~40% to 
the cost of a conventional chest radiography examination alone, and is ~17% 




longer for chest tomosynthesis than for conventional chest radiography 
because of the larger number of images. The reading time for a chest tomo-
synthesis examination at Sahlgrenska University Hospital was estimated to 
be 2-5 minutes, while the reading time for a conventional chest radiography 
examination was 30 seconds - 5 minutes, and that for a chest CT examination 
3-10 minutes10.  
Since the tomosynthesis images have higher resolution in the image plane, a 
tomosynthesis examination may require more storage space than a CT 
examination, despite the fact that the CT examination consists of a larger 
number of images. The size of a typical chest tomosynthesis image or a con-
ventional radiograph is ~5-8 megabyte. The size of an entire chest tomosyn-
thesis examination is then ~300-500 megabyte, while the size of a conven-
tional chest radiography examination is ~10-20 megabyte. The typical size of 
a single chest CT image is ~0.5 megabyte, and an examination might contain 
up to a thousand images. In such a case the CT examination may reach the 
storage size of a tomosynthesis examination. 
Quaia et al. analyzed the effect on the total cost after the implementation of 
chest tomosynthesis at the Department of Radiology at the Cattinara Hospital 
in Trieste, Italy, and found that when chest tomosynthesis was used for 
follow-up instead of chest CT for patients with suspicious findings on con-
ventional chest radiographs, savings of €8000 and €19 000 were made during 
one year, compared with the use of unenhanced and contrast-enhanced CT, 
respectively56. Their calculations were based on 271 patients undergoing CT 
during the year before implementation of tomosynthesis, and 260 patients 
undergoing conventional radiography, tomosynthesis and CT during the year 
after implementation. 
 
3.4 Pulmonary nodules 
A pulmonary nodule is a well-defined rounded structure, which is restricted 
to the lung parenchyma and is less than 3 cm in diameter12. The detection of 
such lesions is considered one of the most difficult tasks in thoracic radiol-
ogy, and the presence of a nodule usually raises the suspicion of malignancy. 
Because of the clinical importance of nodules and the difficulty in detecting 
them, the task of detecting nodules is often used for testing the performance 
of equipment or observers. 
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The size and growth rate of nodules constitute important information in 
deciding the follow-up and management of the patient57. Larger nodules, i.e. 
those approaching 30 mm in diameter, are more likely to be malignant, 
whereas nodules less than 10 mm in diameter are more likely to be benign58. 
The volume doubling time of small nodules may be used as an indication of 
malignancy, and guidelines for the follow-up and management of nodules 
have been established by the Fleischner Society57. According to these guide-
lines, nodules are divided into the categories ≤4, >4-≤6, >6-≤8 and >8 mm. 
For nodules ≤4 mm, there is little risk of malignancy, and they therefore do 
not require follow-up in low-risk patients. Follow-up is recommended for the 
other size categories, at shorter intervals the larger the nodule, in order to 
determine whether the nodule volume doubling time indicates malignancy. 
For the largest nodules, >8 mm, further diagnostic imaging, biopsy or thora-
coscopic resection may be considered in high-risk patients. The categoriza-
tion of patients as low- and high-risk depends, for example, on age and 
smoking history; shorter follow-up intervals being recommended in high-risk 
patients.  
Nodule size and volume doubling time are not the only indications of malig-
nancy, and are not directly applicable to all nodules. The characteristics of 
the nodule must also be taken into account57. For example, non-solid or part-
solid nodules, which are often associated with malignancy58, may require 
longer follow-up periods as they may grow slowly57. Calcified nodules are 
usually benign, but may occasionally be malignant, especially in patients 
with skeletal cancer, as in such cases they may indicate metastatic disease59. 
The surface of the nodule may also indicate whether it is benign or malig-
nant; smooth surfaces being more often indicative of benignity, while malig-
nant nodules are more likely to be spiculated at the margins59. The location of 
a nodule may also indicate whether it is benign or malignant. It has been 
observed that malignancies are more likely to be situated centrally, in the 
upper lobes of the lungs, and more often in the right lung than the left60,61.  
 
3.5 Image interpretation 
Radiological images are complex, and their analysis is often a difficult task. 
Images containing a high degree of overlapping anatomy, such as conven-
tional radiographs, pose the greatest difficulties since structures of interest are 
obstructed by anatomical structures, while methods producing many images, 
such as CT or tomosynthesis, can be demanding due to the large amount of 




analyze medical images, they seem to compare the image to a “mental 
library” of previously viewed images of anatomy and pathology; this library 
being expanded as the experience of the radiologist increases62. Therefore, it 
could be assumed that radiologists with more experience should perform 
better than inexperienced observers. However, experience may not be the 
only factor on which the performance of an observer depends. For example, it 
has been reported that among radiologists screening mammograms, observers 
who were more recently trained performed better, despite the fact that they 
were not as experienced63. Other factors, such as visual acuity and the quality 
of feedback may also play an important role62,63. Performance may also 
depend on the conditions under which the observer analyses the images. For 
example, after many hours of analyzing images observers may suffer from 
fatigue, which may have negative effects on their performance64. Their 
performance may also depend on the reading environment, and perhaps also 
on the talent of the observer for the specific task65. 
Observational errors in analyzing medical images can be divided into two 
major categories: false positive errors and false negative errors. False positive 
errors (i.e. errors caused by misjudging a structure that is not a lesion as a 
lesion) may often be an effect of overlapping anatomy mimicking a lesion. 
Decreasing the effects of overlapping anatomical structures could, therefore, 
reduce the occurrence of such errors. Regarding false negative errors (i.e. 
lesions not identified as such), three major types of such errors are usually 
used for error classification in radiography; search errors, recognition errors 
and decision errors66. Search errors are due to the incomplete search of the 
image, resulting in the observer not focusing on the lesion at all; recognition 
errors occur because the observer fails to recognize a structure as something 
that should be reported; while decision errors occur because the observer 
recognizes the structure but erroneously makes the decision not to report it. 
One explanation of false negative errors may be that once an observer has 
already found a lesion, he or she is less likely to find another lesion in the 
same patient67; a phenomenon known as satisfaction of search. It may also be 
caused by overlapping anatomy hiding the lesions. It is difficult to know how 
to avoid these errors, although the causes might be known. However, exam-
ining the reasons why errors occur, thereby making the observer aware of 
them, may help the observer to avoid making them in the future. 
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3.6 Human observer studies 
The evaluation of image quality is an important issue in medical imaging. 
Radiation, as well as social and economic resources, should be used as effi-
ciently as possible13, and image quality evaluation is of great importance in 
this context. There are several methods of evaluating image quality, and 
many aspects must be taken into consideration. For example, physical 
measures, such as the signal-to-noise ratio or the detective quantum effi-
ciency (DQE), are often used. Physical measures are, however, not sufficient 
to evaluate a process that includes X-ray transmission through the imaged 
object, detection, signal sampling, image processing and display, and finally, 
the human observer68. Since the observer’s interpretation is crucial for the 
diagnostic outcome of the patient, the effects of human observers should be 
included, and this can be achieved by conducting a human observer study. 
However, human observer studies are laboratory studies, and are therefore 
limited compared to studies investigating patient care, treatment, outcome 
and cost-benefit or cost-effectiveness68. Human observer studies are, how-
ever, easier to perform and are therefore often used to compare image quality 
in different imaging modalities, although such studies cannot prove the 
advantage of one modality over another at a higher level, for example, 
regarding patient outcome.  
The terms used in the literature to describe human observer studies vary. In 
this dissertation, two major branches of human observer studies will be dis-
cussed; observer performance studies and visual grading (VG) studies69. 
Observer performance studies will refer to studies in which the observer is 
analyzing images in order to find pathology, and VG studies will refer to 
studies in which the observer’s judgment concerning the fulfillment of image 
quality criteria for anatomical structures is analyzed. Observer performance 
methods are more generally widespread and accepted because they are more 
objective; i.e. there is a known truth to which the observer’s decisions are 
compared and judged, while the VG task is based on the observer’s subjec-
tive opinion about the image quality69. The disadvantages of observer perfor-
mance studies are that they are relatively time consuming and they may 
require large sample sizes in order to attain sufficient statistical power. Visual 
grading studies are more convenient when evaluating the quality of images 
from an examination for which there are usually few patients with a specific 
pathology, as the collection of sufficient data may otherwise be unacceptably 
long. VG is frequently used in Europe in image quality evaluation studies and 
it has been indicated that it may be as appropriate for the evaluation of clini-
cal images as observer performance methods70. Criticism has been directed 




they are ordinal. Methods for the appropriate analysis of VG have, however, 
recently been developed71–73. 
 
3.6.1 Receiver operating characteristics 
The most commonly used method for observer performance studies in the 
healthcare sector is receiver operating characteristics (ROC) analysis68,74. The 
theory behind ROC is signal detection theory, which originates from World 
War II research on radar, and was introduced into psychophysics in the 
1950s75. The theory of ROC is based on asking an observer – blinded to the 
actual truth – to differentiate between images of healthy (normal) and dis-
eased (abnormal) patients using a specified reporting threshold. The propor-
tion of abnormal patients actually reported as abnormal gives the sensitivity 
of the observer to the task at the specific threshold, and the proportion of the 
normal patients reported as normal gives the specificity. 
If the observer is instructed to use a stricter threshold and read the patient 
material once again, this will result in fewer normal patients incorrectly being 
judged as abnormal, but also in fewer abnormal patients correctly being 
judged as being abnormal. This procedure can be repeated with even stricter 
thresholds, resulting in new values of the sensitivity and specificity for each 
new threshold. Instead of repeatedly altering the threshold and re-reading the 
image material, the same data can be obtained by asking the observer to use a 
rating scale. Table 1 gives an example of the distribution of ratings and the 
calculation of the sensitivity, also called the true positive fraction (TPF), and 
the false positive fraction (FPF), which is defined as 1–specificity. Figure 2 
shows a plot of the TPF versus the FPF, which is called the ROC curve. The 
area under the ROC curve (AUCROC) provides a measure of the observer per-
formance, and the difference between the AUCROC for different modalities or 
settings can be calculated in order to find, for example, the best modality or 
the optimal settings for a specific system. The point (0,0) is added to the plot 
in order to represent the strictest possible threshold. 
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Table 1. Confidence ratings of abnormal and normal cases and the calculated true positive 
fraction (TPF) and false positive fraction (FPF) at every threshold. High ratings correspond 
to high confidence levels. 
Rating 4 3 2 1 Total 
Abnormal 41 16 8 7 72 
Normal 4 9 23 34 70 
Threshold =4 ≥3 ≥2 ≥1  
TPF 0.57 0.79 0.90 1.0  
FPF 0.06 0.19 0.51 1.0  
 
 
Figure 2. Receiver operating characteristics (ROC) plot based on the values of the true 
positive fraction (TPF) and false positive fraction (FPF) given in Table 1. 
 
A well-known problem associated with ROC is that the observer’s judgment 
of a case as being abnormal may be based on the classification of a structure 
that is not a lesion as a lesion, while missing the lesion on which the decision 
should have been based, i.e. is given a TP for the wrong reasons. Another 
disadvantage of ROC is that the location of the lesion is not included, despite 
the fact that this information is important, and is reported by the radiologist in 
the clinical setting. Various strategies have been developed to include lesion 




these methods, free-response ROC77, will be described below, as this meth-
odology was used in the studies described in this dissertation. 
 
3.6.2 Free-response receiver operating 
characteristics 
According to the free-response receiver operating characteristics (FROC) 
paradigm77 the task of the observer is to detect, mark and rate suspicious 
lesions. If a mark is made within a predetermined acceptance radius of the 
lesion, the mark is considered to be a true positive mark, otherwise it is con-
sidered to be a false positive mark. In this dissertation, true and false positive 
marks according to the FROC paradigm will usually be referred to as lesion 
localizations (LLs) and non-lesion localizations (NLs), respectively, in 
accordance with Chakraborty78, in order to distinguish them from true and 
false positive cases in traditional ROC. The FROC paradigm has higher sta-
tistical power than traditional ROC79 as the localization of lesions results in 
more data, and because the observer will not be rewarded for reporting a false 
lesion while missing a true lesion.  
The number of LLs relative to the total number of lesions, the lesion locali-
zation fraction (LLF), and the number of NLs per image, the non-lesion 
localization fraction (NLF), can be plotted against each other to form a FROC 
curve. The NLF is plotted on the x-axis and the LLF is plotted on the y-axis. 
The FROC curve can be infinitely extended (at least theoretically) in the x-
direction, since there is no limitation on the number of NLs that an observer 
can make. Since the number of NLs may differ between observers, modalities 
and tests, it is difficult to determine a consistent figure of merit (FOM) based 
on FROC curves. The FROC curve is therefore better for visualizing the way 
in which the confidence levels are used by the observers. Another method, 
called the alternative FROC (AFROC), has therefore been suggested for the 
analysis of FROC data80. Only the highest rated NL (i.e. highest noise rating) 
per image is used to calculate the area under the AFROC curve. The AFROC 
curve is therefore limited to the unit square, ranging from 0 to 1 in both the x- 
and y-directions, allowing a consistent FOM to be calculated. As all the NLs 
are not used for plotting the AFROC curve, it contains less of the available 
information than the FROC curve. 
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3.6.3 Jackknife alternative free-response receiver 
operating characteristics 
Jackknife alternative FROC (JAFROC) methods are most commonly used for 
statistical analysis of multi-reader, multi-case FROC data81. There are two 
variants of JAFROC, denoted JAFROC1 and JAFROC2 (the latter is also 
referred to simply as JAFROC)82. Since these JAFROC analysis tools are 
relatively new, and are still being developed and improved, the recommenda-
tions for which of the methods to use have varied with the implementation of 
new knowledge of the methods. 
AUCAFROC is used as the FOM for both JAFROC methods, but in JAFROC2 
the NLF is based only on the normal cases, as opposed to JAFROC1, in 
which abnormal and normal cases are used78. Since the AUCAFROC is identical 
to the probability that a LL is given a higher confidence level than the highest 
rated NL in a case (using only normal cases in JAFROC2, while using abnor-
mal and normal cases in JAFROC1), this alternative definition may also be 
used. The consequence of using only the normal cases to calculate the NLF 
(as in JAFROC2) is a loss of statistical power of the analysis compared to 
JAFROC1, and therefore JAFROC1 was recommended for a period78. How-
ever, JAFROC1 was discovered to be unreliable when the numbers of 
abnormal and normal cases are approximately equal and, therefore, the use of 
JAFROC1 is recommended only for datasets including exclusively abnormal 
cases83. The statistical method used in JAFROC analysis includes recalculat-
ing the FOM using jackknifing, i.e. recalculating the FOM repeatedly, 
excluding one case at a time in each calculation84. The resulting so-called 
pseudo value, PV, is obtained from the following equation84: 
( ) )(1 kijijijk FOMnFOMnPV ⋅−−⋅=  
where n is the total number of cases, ijFOM  is the figure of merit for modal-
ity i and reader j when all cases are included in the calculation, and 
)(kijFOM  is the FOM for modality i and reader j when case k is excluded 
from the calculation. In order to perform the statistical analysis, JAFROC 
uses a mixed model analysis of variance (ANOVA), which calculates a 95% 
CI for the difference in FOM between the modalities and a p-value for 





3.7 Simulated dose reduction 
Patient images obtained at lower dose levels than the original dose level are 
desirable when investigating the effects of dose reduction on image quality. 
However, repeatedly examining patients will lead to unnecessary exposure to 
radiation, and problems may be encountered due to repositioning of the 
patient, or bias due to motion artifacts. For these reasons, simulated dose 
reduction can be used to create images that appear as if they had been 
acquired at lower doses. It is, however, important to use a simulation method 
that results in dose-reduced images with noise properties similar to those of 
images actually acquired at the reduced dose level. There are several methods 
of dose reduction, with varying degrees of sophistication. One simple method 
uses Gaussian distributed white noise85, in which noise correlations are not 
taken into account. Other, more sophisticated, methods account for noise 
correlations86,87. However, one of these methods86 has the limitation of being 
based on the assumption that there is little or no noise in the original clinical 
image, while the other has the has the limitation of using radially symmetric 
noise power spectrum (NPS)87. 
Another method of simulated dose reduction for conventional radiography, 
which takes the properties of the clinical image into account without assum-
ing radial symmetry of the NPS, has been developed by Båth et al.88. In this 
method, information about the two-dimensional NPS at the original dose 
(Dorig) and at the desired lower dose (Dsim) is used to create a noise image, 
which, when added to the original image, gives the same NPS as an image 
actually acquired at the lower dose level. By using flat-field images (images 
containing only noise) acquired at various doses, a relationship is determined 
between the NPS and dose. Since it may be difficult to obtain flat-field 
images at the exact dose levels of a predetermined desired lower dose level 
and the original clinical setting dose level, the NPS at doses close to these 
levels, denoted D1 and D2, may be used. The NPS of the flat-field images 
acquired at D1 and D2 must, however, be scaled with the dose in order to cor-
respond to the NPS that would have been obtained at Dsim and Dorig. The 
noise image can then be created by subtracting the scaled NPS at Dorig from 
the NPS at Dsim. The noise image must be corrected for dose variations in the 
original clinical image by adjusting the pixel values in the noise image 
according to the pixel values in the original image, giving larger relative vari-
ance in areas with lower dose relative to the mean image dose (and vice versa 
for high-dose areas). Before the noise image can be added to the original 
clinical image, the pixel values of the original clinical image must be scaled 
with the dose to correspond to pixel values at Dsim. The noise image can then 
be added to the clinical image, altering its appearance so that it is similar to 
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an image actually acquired at Dsim. The method of Båth et al. was developed 
for conventional radiography, and is therefore based on the assumption that 
the DQE does not differ between Dorig and D2, or between Dsim and D1. It is 
also assumed that the variation in DQE across the image need not be taken 
into account for the dose ranges used in conventional radiography. 
 
3.7.1 Simulated dose reduction in tomosynthesis 
The projection images collected during the tomosynthesis sweep are acquired 
at extremely low doses. For the detector used in the VolumeRAD system, the 
DQE decreases rapidly with decreasing dose at these low dose levels89, and 
the DQE may vary between Dsim and D1, as well as between Dorig and D2. 
Also, the DQE may vary across the clinical projection image. In order to 
solve this problem, a method taking variations in DQE into account, suitable 
for creating dose-reduced images in tomosynthesis, was developed by 
Svalkvist and Båth89. In this method, the NPS is not only scaled with the 
dose, but also with the DQE in order to compensate for the differences in 
DQE across the clinical projection image, between Dsim and D1, and between 
Dorig and D2. Assuming that the shape of the DQE surface is constant across 
the dose variations in the clinical projection image, as well as between Dorig 
and D2, and Dsim and D1, the difference in DQE can be accounted for simply 
by scaling the NPS with the pixel variance, using the following relationship: 




















































vuNPS Im,  is the NPS of the noise image, ( ) 1, DvuNPS and 
( )
2
, DvuNPS are the NPS of the flat-field images acquired at D1 and D2, 
respectively, and σ  is the standard deviation in pixel value of the flat-field 
images acquired at Dsim, Dorig, D1 and D2. A relationship can be determined 
between mean pixel value and pixel variance using flat-field images acquired 
at various doses. This relationship is then used to determine the variance at 
the dose levels Dsim, Dorig, D1 and D2, in turn enabling the calculation of the 
NPS of the noise image. The dose simulation method is performed on the 
clinical projection images before the reconstruction of the tomosynthesis 
section images, and the projection images must, therefore, be available. Eval-




reduction results in images with very similar noise properties to those of an 
examination actually performed at a lower dose level89. 
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4 MATERIALS AND METHODS 
4.1 Overview of the Papers 
Paper I describes a study in which conventional chest radiography and chest 
tomosynthesis were compared regarding the detection of pulmonary nodules. 
In the study described in Paper II, the effect of clinical experience of experi-
enced thoracic radiologists was investigated by comparing readings of the 
same 89 chest tomosynthesis cases read in the study presented in Paper I to a 
new reading conducted after one year, during which chest tomosynthesis had 
become gradually more established and used at the department.  
In the study described in Paper III, the effect of learning with feedback was 
investigated by asking experienced and inexperienced observers to read 
images from the same 89 cases again after a learning session. In the learning 
session, the observers were shown their assessments of a set of 25 new cases 
and the corresponding multidetector computed tomography (MDCT) images 
for comparison. The learning session was also used to identify potential pit-
falls and to find solutions to these, and to propose image quality criteria suit-
able for chest tomosynthesis.  
In the study described in Paper IV, images from a new group of patients were 
used to investigate the effect of dose reduction on the detection of pulmonary 
nodules in chest tomosynthesis. The observers read the original images from 
86 cases (i.e. 100% of the standard setting tomosynthesis effective dose) and 
images simulated at lower doses of 70%, 32% and 12% of the standard set-
ting effective dose. 
 
4.2 Examinations 
4.2.1 Conventional chest radiography 
The conventional chest radiography imaging system used at the Department 
of Radiology at Sahlgrenska University Hospital, is a Definium 8000 system 
(GE Healthcare, Chalfont St Giles, UK), with a CsI flat-panel detector. The 
standard protocol consisted of a PA and a LAT projection, and the patient 




180 cm. Tube voltages of 125 kV and 140 kV were used for the PA and the 
LAT projections, respectively. The effective dose to a standard-sized patient  
(70 kg, 170 cm), was approximately 0.05 mSv for the entire standard exami-
nation17. These conventional chest radiography images were used in Study I, 
in which conventional chest radiography was compared with chest 
tomosynthesis. 
 
4.2.2 Chest tomosynthesis 
The same equipment was used for the chest tomosynthesis imaging as for the 
conventional chest radiography examinations, except for the additional soft-
ware and computer-controlled tube mover enabling the tomosynthesis func-
tionality (VolumeRAD; GE Healthcare, Chalfont St Giles, UK), i.e. the verti-
cal sweeping motion of the X-ray tube and the reconstruction algorithms, 
used for the acquisition of the tomosynthesis images. The tube movement 
covered an angle from –17.5 to +17.5 degrees, and exposures were made 
between –15 and +15 degrees, while the detector was stationary. The 
required tube current was determined from a scout view (i.e. a PA projec-
tion). The tube load for the scout view was multiplied by a factor of 10 and 
divided equally between the 60 projection images of the tomosynthesis sweep 
and rounded down to the closest mAs step on the Renard scale. For very thin 
patients, it was impossible to adapt the tube current correctly, since the tube 
was unable to produce loads smaller than 0.25 mAs. A tube voltage of  
120 kV was used for the tomosynthesis examination, and the patients were 
examined in the PA projection position and instructed to hold their breath 
during the sweep. Each examination resulted in approximately 60 section 
images of the volume examined, with a reconstruction interval of 4 mm (beta 
version of VolumeRAD) or 5 mm (VolumeRAD) without overlap. The 
effective dose to a standard-sized patient (70 kg, 170 cm), was approximately 
0.13 mSv for the entire tomosynthesis examination (including the scout 
view)17. The beta version of the chest tomosynthesis product was used in 
Studies I-III, and the final commercially available product was used in Study 
IV and partly in Study III. 
 
4.2.3 Multidetector computed tomography 
MDCT images were acquired using a 16- or a 64-channel multidetector CT 
system (LightSpeed Pro 16 and LightSpeed VCT; GE Healthcare, Chalfont 
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St Giles, UK). The patients were examined according to the standard protocol 
at the Department of Radiology, using tube load modulation and a tube volt-
age of 140 kV. The original section image thickness was 1.25 mm in the 16-
channel CT examinations, and 0.6 mm in the 64-channel CT examinations. 
Axial, sagittal and coronal images of the cases included in Studies I-III were 
reconstructed with thicknesses of 5, 4 and 4 mm, respectively; while axial 
images of the cases used in Study IV were reconstructed with thicknesses of 
1.25 and 0.6 mm for the 16- and the 64-channel CT examinations, respect-
ively. The effective dose for a chest MDCT examination was determined 
using an anthropomorphic phantom (Alderson Lung/Chest Phantom RS-320; 
Radiology Support Devices, Long Beach, CA, USA), representing an average 
male patient (73.5 kg, 175 cm), and found to be approximately 4 mSv. 
 
4.3 Data collection 
In Studies I-III, 89 consecutive patients referred for CT of the chest were 
included. The patients were examined with MDCT and conventional chest 
radiography according to the standard protocol at the Department of Radiol-
ogy, and also with chest tomosynthesis within a week of the CT examination 
for study purposes. The conventional chest radiography images were only 
used in Study I, whereas the MDCT and tomosynthesis images were used in 
Studies I-III. In Study III, 25 additional patients, examined with both tomo-
synthesis and MDCT, were included to provide learning material. In  
Study IV, 86 patients were included, the majority of which had malignant 
disease. They were examined with MDCT and with tomosynthesis on the 
same day, for study purposes. The exclusion criteria for all studies were: >20 
nodules according to the MDCT images, breathing artifacts in the 
tomosynthesis images, and technical difficulties in properly displaying the 
images during reading sessions. In Study IV, additional exclusion criteria 
were introduced: >20 nodules according to the tomosynthesis images, 
extensive obscuring pathology or artifacts in the tomosynthesis images, the 
unavailability of raw tomosynthesis data or thin MDCT reconstructions, and 
the inability to visually separate nodules from each other in the 
tomosynthesis images. The Regional Ethical Review Board approved the 





4.4 Dose reduction 
In Study IV, simulated dose reduction was used to produce tomosynthesis 
images similar to those that would have been acquired at lower doses, using 
the method developed especially for tomosynthesis by Svalkvist and Båth89. 
The tomosynthesis images acquired at the standard exposure settings resulted 
in an estimated mean effective dose of 0.12 mSv to the patients included in 
the study. Images were simulated at doses of 70%, 32% and 12% of this 
effective dose. The 32% and the 12% dose levels corresponded to the effec-
tive dose used for the LAT and the PA projections in conventional chest 
radiography, respectively17. The 70% dose level was selected as an intermedi-
ate level. Flat-field images were acquired at various doses for all the projec-
tion angles used in a chest tomosynthesis examination using the clinically 
used tube voltage of 120 kV. 
The ratio between the mean pixel value and the pixel variance in a ROI in 
each flat-field image was plotted against the pixel mean of the ROI, and a 
quartic polynomial was fitted to the data in order to obtain a relationship 
between the integrated DQE and dose, as described in Section 3.7.1. The NPS 
was determined at doses close to the standard dose level and close to the 
lower dose level, scaled with the dose, and also adjusted for variations in the 
DQE using the relationship between pixel variance and the mean pixel value. 
A noise image was created for each original tomosynthesis projection image, 
using the difference in NPS between the standard setting dose level and the 
lower dose level. The pixel values of the original clinical projection image 
were scaled with the dose, so that they corresponded to pixel values obtained 
at the lower dose level. The variation in DQE across the clinical projection 
image at various doses was taken into account by adjusting the pixel vari-
ances in the created noise image using the polynomial describing the relation 
between pixel mean and pixel variance obtained from the flat-field images. 
The noise image was then added to the scaled original image, and after all 
projection images for a patient had been simulated to represent the lower 
dose, the tomosynthesis images were reconstructed. This procedure was 
repeated for all three dose levels for every patient. Examples of the original 
and simulated images are shown in Figure 3.  
 




        a)                         b)  
 
        c)                         d)  
Figure 3. Example of a tomosynthesis section image containing a 9 mm nodule at the original 





4.5 Truth consensus panel 
The truth consensus panel consisted of two experienced thoracic radiologists 
with 11 and 14 years of experience of thoracic radiology at the start of  
Study I. They used MDCT images of the patients to determine the ground 
truth regarding the existence of pulmonary nodules. They first read the 
MDCT images individually, before a joint session in which they reached 
consensus. In Study IV, computer-aided detection was used as a third 
observer, and one of the observers used computer-aided detection in her indi-
vidual reading of the images before the joint session. The largest nodule 
dimension in axial reconstructions was used as a measure of size to catego-
rize the nodules in all studies, as this is the standard procedure at the Depart-
ment of Radiology. 
 
4.6 The observers 
The observers participating in the studies had varying degrees of experience 
regarding chest radiology and chest tomosynthesis. Table 2 provides inform-
ation on the experience of the observers at the start of the first study in which 
they participated, together with information on the studies in which they par-
ticipated as observers. In the individual papers, the observers are called 
Observers 1, 2, 3 etc., regardless of the notation used in previous papers. In 
order to avoid confusion, they are referred to in this dissertation as Observers 
A-G.  
The four observers who participated in Study I (Observers A-D) were senior 
consultant radiologists with 11 to 20 years of experience in chest radiology at 
the start of the first study. One of these radiologists (Observer D) also par-
ticipated in the truth consensus panel and was therefore included as an 
observer only in the first study, in which she participated in the detection 
study before analyzing the CT images as part of the consensus panel. The 
remaining three observers in Study I (Observers A-C) also participated in 
Studies II and III, and three inexperienced observers (Observers E-G) were 
also included in Study III. The reason for including the inexperienced 
observers was to enhance the discussions during the learning session included 
in Study III, the purpose being to encourage the experienced observers to 
express themselves in more detail, preventing them from leaving out 
important information that could have been disregarded if only experienced 
radiologists had been present. Another reason for including the inexperienced 
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observers was for studying the effects of learning with feedback on the per-
formance of these observers. Observers A, B and E participated in Study IV. 
 
Table 2. Observer experience in chest radiology and chest tomosynthesis at the start of the 
first study in which they participated, and their participation in each of the four studies. 
Observer Position 




























11 years ~6 months x - - - 
E Consultant 
radiologist ~1 year None - - x x 
F Radiology 
resident ~3 months 
Limited  
(<3 months) - - x - 
G Medical physicist - None - - x - 
 
4.7 Detection studies 
All detection studies were conducted under the FROC paradigm77. The 
observers were shown images (PA and LAT projections in the case of con-
ventional chest radiography) or image stacks (in the case of chest tomosyn-
thesis) and were asked to mark suspected pulmonary nodules and rate their 
confidence of the presence of a nodule on a 4-point rating scale, 4 represent-
ing the most strict criterion (definitely a nodule), 3 and 2 intermediate criteria 




(probably not a nodule). In Study I, the software DicomWorks90 was used to 
record the coordinates and ratings, and a standard random number generator 
was used to create an individual reading order for each observer. In the other 
studies, the software Viewer for Digital Evaluation of X-ray images 
(ViewDEX)91–94 was used to show the images and to record the marks and 
ratings associated with them. In ViewDEX, the cases are shown in a unique 
random order to each observer, and the coordinates of marks and their related 
ratings are recorded automatically. In all detection studies, the observers were 
instructed to mark the nodules at the nodule center and only in the image in 
which it was most prominently visible. In Study IV, the observers were also 
instructed to measure the longest dimension of the nodules in the image plane 
in order to enable categorization according to size. Before each study, the 
observers were instructed to go through a demonstration set, containing cases 
of varying degrees of difficulty included in the up-coming detection study, in 
order to adjust their confidence levels to the task. A learning set containing 
additional cases with marked example nodules of various sizes simulated at 
the lower dose level of the following session was also displayed in Study IV 
together with the same cases at the 100% dose level. The observers were 
allowed to use pan and zoom functions, and to alter the window width and 
window level settings in all studies. The background light was kept at a low 
and constant level during all the studies. Medical-grade monitors, calibrated 
according to DICOM 3.0 part 1495, were used. Figure 4 shows an example of 
a tomosynthesis image at the 100% dose level in ViewDEX together with the 
options available in Study IV. 
 




Figure 4. A tomosynthesis image at the 100% dose level shown in ViewDEX containing a 
measured, marked and rated suspected pulmonary nodule together with the options available 
in Study IV. 
 
In Study I, in which chest tomosynthesis was compared to conventional chest 
radiography, the detection study was divided into two reading sessions sepa-
rated by at least one week in order to avoid recall bias. The cases from both 
modalities (conventional radiography and tomosynthesis) were divided into 
two groups; each group consisting of half the conventional radiography 
examinations and half the tomosynthesis examinations, the same patient 
being present only once in each group. Two of the observers read one group 
first, and the other two observers read the other group first.  
It was found that the NLF was much higher for tomosynthesis than for con-
ventional radiography (see Section 5.1). One explanation of this was consid-
ered to be the lack of observer experience in chest tomosynthesis. Therefore, 
Study II was performed to investigate the effect of clinical experience on the 
observers’ performance. In that study, two readings of the 89 cases were 
compared, one before and one after an additional year of clinical experience 
of tomosynthesis. At the start of the first reading, chest tomosynthesis had 
recently been introduced at the Department of Radiology and at that time the 
observers had very limited experience of the technique, as they were among 




year that followed, the situation gradually changed as chest tomosynthesis 
became established at the department, and more publications on chest tomo-
synthesis had begun to appear7,96. 
Study II showed that the additional clinical experience of tomosynthesis did 
not improve the performance of the observers (see Section 5.2). The reasons 
suggested for this were that the observers had not been given feedback on 
their analyses of the tomosynthesis cases, and that a reference truth (such as 
CT) had not been consistently available during their clinical work. The effect 
of learning with feedback was therefore investigated in Study III (see Section 
4.8). In Studies II and III, only tomosynthesis cases were included, and these 
were therefore not divided into separate sessions. The images from the addi-
tional 25 cases used in Study III for the learning with feedback were read 
separately. In Study IV, in which the effect of radiation dose level on the 
detectability of pulmonary nodules in chest tomosynthesis was investigated, 
the images from the 86 cases included were shown in increasing order of 
radiation dose level. This study set up would probably generate less bias than 
a study randomizing the cases across dose levels, as it can be assumed that a 
higher dose level results in higher visibility of nodules. Thus, the 12% dose 
level images were shown in one reading session, followed by the 32%, the 
70% and the 100% doses level sessions. The reading sessions were separated 
by at least two weeks. 
 
4.8 Learning with feedback 
In order to study the effect of learning with feedback, two readings of the 
images of the 89 tomosynthesis cases read in Studies I and II were compared. 
The readings were separated by a learning session, in which the observers 
were given feedback on their assessment of 25 additional cases. Before the 
learning session, the observers read the images of the 89 tomosynthesis cases 
to detect pulmonary nodules individually. For the observers that had partici-
pated in Study II, the data of the second reading in Study II were used as the 
data of the reading before the learning session in Study III, while for the 
remaining observers participating in Study III, a new reading was conducted. 
The observers then read the 25 additional tomosynthesis cases individually, 
and the marks made by all observers in this reading were displayed to them at 
an individual preparation session. They were then shown the tomosynthesis 
images in conjunction with the corresponding MDCT images for comparison 
in a joint learning session. The tomosynthesis images and CT images for each 
case were shown side by side on large screens. The observers were shown 
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every true nodule and every false positive mark together with the ratings of 
all observers, as shown in Figure 5. They were encouraged to explain the 
reasons for making false positive decisions and for low ratings of true nod-
ules, in order to learn from their misinterpretations and to formulate potential 
pitfalls in chest tomosynthesis. Further, image quality criteria that had been 
suggested prior to the learning session by two experienced radiologists, based 
on the existing criteria for conventional chest radiography97 and chest CT98 
given by the European commission, were developed in consensus using nor-
mal patients included in the 25 cases of the learning material as reference. 
After the learning session, the observers read the 89 tomosynthesis cases 
again, using the list of potential pitfalls as support, and the difference in 




Figure 5. A tomosynthesis image including a true nodule, as shown in ViewDEX at the 






4.9 Detectability measures and statistics 
JAFROC was used as the principal method of statistical analysis in all stud-
ies. In Studies I, III and IV JAFROC2 was used, whereas in Study II 
JAFROC1 was used.  JAFROC versions 2.3a, 1.0, 3g and 4.2 were used in 
Studies I, II, III and IV, respectively. The latest JAFROC version can be 
downloaded from the FROC home page99. The JAFROC FOM was calcu-
lated together with the 95% CI and the differences in FOM between 
modalities/readings/dose levels were tested for significance at the 5% level. 
In Studies I and II, FROC curves were calculated for each reading and each 
observer, and used to visualize differences between modalities or differences 
in interpretation between groups of tomosynthesis images. In Study I, the 
LLF was calculated for the four size categories of nodules according to the 
Fleischner Society guidelines57 (≤4, >4-6, >6-8 and >8 mm). 
 




5.1 Comparison between chest 
tomosynthesis and conventional chest 
radiography 
The results of Study I, in which nodule detection in chest tomosynthesis and 
conventional chest radiography was compared, showed that tomosynthesis 
was superior to conventional radiography. The JAFROC2 FOMs for tomo-
synthesis and conventional radiography for the four observers in Study I are 
shown in Figure 6. The difference between the modalities was 0.24 (95% CI: 




Figure 6. The JAFROC2 FOMs for chest tomosynthesis and conventional chest radiography 


































The analysis according to size category showed that 39% of the smallest 
nodules (≤4 mm) were detected in chest tomosynthesis, and that the percent-
age increased with nodule size category to 83% for the largest nodules  
(>8 mm) (in this analysis, the most lax confidence level was used, and thus 
all marked nodules were included.) In total, the percentage of nodules 
detected using tomosynthesis was 56%, while for conventional radiography it 
was 16%. For nodules ≤8 mm the result for tomosynthesis was even more 
superior, as can be seen in Figure 7, since the fraction of nodules detected in 
chest radiography was very small for this size category.  
 
 
Figure 7. The observer-averaged LLF for nodules in each size category for chest 
tomosynthesis and conventional chest radiography in Study I, using the most lax confidence 
level. The error bars represent ± 1 standard error of the mean calculated from the LLF for 
each of the four observers. 
 
The FROC curves for conventional chest radiography and chest tomosynthe-
sis showed a substantial difference between the two modalities for each of the 
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analysis, since at the same NLF, the LLF was substantially higher for tomo-
synthesis. The NLF was higher in tomosynthesis images than in conventional 
radiographic images for all observers and all thresholds, meaning that the 
observers made more NLs (false positive marks) at a given confidence rating 
in tomosynthesis. 
 
Figure 8. FROC curves for chest tomosynthesis (filled squares) and conventional chest 
radiography (open squares) for the four observers in Study I. 
 
5.2 Learning effects in chest tomosynthesis 
The investigation of learning effects after additional clinical experience of 
chest tomosynthesis in Study II showed no statistically significant differences 




JAFROC1 FOMs of the reading of the 89 chest tomosynthesis cases at base-
line (when tomosynthesis had only very recently been implemented) and the 
reading after a year (when the observers had additional clinical experience of 
the technique and tomosynthesis had been established in clinical use) are 
shown in Figure 9. 
 
 
Figure 9. The JAFROC1 FOMs for the first and the second readings of the 89 chest 
tomosynthesis cases for the three experienced observers in Study II. The error bars represent 
95% CIs. 
 
The FROC curves for the first and the second readings of the 89 chest tomo-
synthesis cases for the three observers showed that there was a tendency for 
the observers to alter their confidence levels between the readings  
(Figure 10). The observers were more cautious during the second reading, 
leading to fewer NLs and fewer LLs. Although the extension of the curves to 
the right differed between the readings, the curves coincide reasonably well, 
showing that the observers operated along similar curves for both readings. 
Their performance therefore remained unchanged after clinical experience, 


































Figure 10. FROC curves for the first (filled squares) and the second reading (open squares) of 
the 89 chest tomosynthesis cases for the three experienced observers in Study II. 
 
In the study on the effects of learning with feedback on the detectability of 
pulmonary nodules (Study III), no statistically significant differences were 
found between the reading before and the reading after the learning session, 
for the four observers most experienced in chest tomosynthesis. However, 
statistically significant differences were found between the two readings of 
the two observers with least experience of tomosynthesis, i.e., the consultant 
radiologist (Observer E) and the medical physicist (Observer G). The differ-
ences between the readings were 0.08 (p<0.01) and 0.14 (p<0.01) for 









































Figure 11. The JAFROC2 FOM for the six observers before and after the learning session in 
Study III. The error bars represent 95% CIs. 
 
5.3 Image quality criteria and potential 
pitfalls in chest tomosynthesis 
The image quality criteria developed during the learning-with-feedback ses-
sion in Study III are presented in Table 3. The image criteria related to the 
positioning of the patient are based on the European quality criteria for con-
ventional chest radiography97, and the criteria related to the visibility of ana-
tomic structures are based on the European quality criteria for chest CT98. 
Note that the criterion “reproduction of the whole rib cage” refers not only to 
the positioning of the patient, as is the case in conventional chest radiog-
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Table 3. Proposed positioning and image quality criteria for chest tomosynthesis. 
Positioning criteria Image quality criteria 
1. Performed at full inspiration 
as assessed by the position of 
the diaphragm 
2. Performed with suspended 
respiration as assessed by 
clear reproduction of the 
diaphragm 
3. Symmetrical reproduction of 
the thorax as assessed by 
adequate position of the 
spinous processes, carina and 
sternoclavicular joints 
4. Medial borders of the 
scapulae positioned outside 
the lung fields 
5. Reproduction of the whole rib 
cage 
1. Clear reproduction of the 
trachea, carina and main 
bronchi 
2. Clear reproduction of the lobar 
bronchi 
3. Clear reproduction of the large 
and medium-sized vessels 
4. Clear reproduction of the small-
sized vessels as seen 3 cm from 
the costopleural border 
5. Clear reproduction of the 
interlobar fissures 
6. Reproduction of the 
paratracheal tissue 
7. Reproduction of the thoracic 
aorta 
 
The potential pitfalls in chest tomosynthesis identified and compiled during 
the learning-with-feedback session in Study III are given in Table 4. The 
most common pitfalls were related to the difficulty in differentiating pulmo-
nary nodules from pleural and subpleural structures close to the chest wall, 
especially anteriorly or posteriorly. These regions were recognized as diffi-
cult due to highly attenuating anatomy, such as ribs, which may overlap over- 
and underlying structures. The reason for the difficulties at these locations 




Table 4.  Suggestions for avoiding potential pitfalls regarding nodules in chest 
tomosynthesis. 
False positives False negatives 
Subpleural and pleural changes may 
often be misinterpreted as nodules 
because of their proximity to pleural 
borders, where skeletal structures overlap 
anatomy and pathology. This may 
possibly be prevented by relating the 
location where the ribs are in focus to the 
position of the suspicious finding. 
 
Lymph nodes may sometimes be 
misinterpreted as nodules close to hilar 
and mediastinal node stations. Even 
though the probability is high that the 
structures are lymph nodes, it is not 
possible to characterize them. 
 
Skeletal changes, including 
costochondral calfications, may be 
misinterpreted as nodules, especially 
those located posteriorly and anteriorly. 
This may possibly be prevented by 
relating the location where the skeletal 
structure is in focus to the position of the 
suspicious finding. 
Nodules situated close to the pleural 
border may often be misinterpreted as 
pleural or subpleural changes, because 
skeletal structures may overlap nodules 
at such locations. This may possibly be 
prevented by relating the location where 
the ribs are in focus to the position of the 
suspicious finding. 
 
Nodules located closely to vessels, 
especially at branching points, may 
appear as part of the vessel itself. These 
nodules are usually too small (<5 mm) to 
properly be distinguished from the vessel 
that they are close to. 
 
Very small nodules (2-3 mm): sometimes 
discharged by radiologists as unspecific 
findings. It is important to bear in mind 
that small nodules may be very well 
depicted with tomosynthesis. 
 
5.4 Effect of dose reduction in chest 
tomosynthesis 
The results of the effect of dose level on nodule detection in chest tomosyn-
thesis investigated in Study IV, showed a JAFROC2 FOM of 0.45, 0.54, 
0.55, 0.54, and for the 12%, 32%, 70%, and 100% dose levels, respectively. 
The differences in the performance of the observers between the 32%, 70% 
and 100% dose levels and the 12% dose level were 0.087 (p<0.01), 0.099 
(p<0.01), and 0.093 (p<0.01), respectively. No significant differences were 
found between the other dose levels. There was, thus, no statistically signifi-
cant difference in detectability when the standard setting radiation dose was 
decreased to a dose similar to that of a lateral projection radiograph  
(0.04 mSv), corresponding to the 32% dose level. The observer-averaged 
JAFROC2 FOMs for the three observers are presented in Figure 12.  
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Figure 12. The observer-averaged JAFROC2 FOM for the original (100%) and the 





6.1 Comparison between chest 
tomosynthesis and conventional chest 
radiography 
In Study I, chest tomosynthesis and conventional chest radiography were 
compared regarding the detectability of pulmonary nodules. It was found that 
tomosynthesis was superior; the JAFROC FOM being 60% higher than that 
for conventional radiography. When studying nodules of various sizes, an 
especially large difference in LLF was found between the modalities for nod-
ules ≤8 mm, although the LLF was higher for tomosynthesis for all size cate-
gories. Later studies have confirmed that tomosynthesis is superior to con-
ventional radiography regarding the detectability of pulmonary nodules18,55. 
Yamada et al.18 reported an increase in the JAFROC FOM of almost 40% 
compared to conventional radiography, while Kim et al.55 reported a 16% 
increase in AUCROC for tomosynthesis performed at a reduced dose compared 
to the PA projection in conventional radiography for 4-10 mm nodules. Fur-
ther, Dobbins et al96 found that the visibility of already known nodules was 
approximately three times higher in tomosynthesis images than in the PA 
projection in conventional radiography, and a similar proportion of nodules 
was also visible according to the consensus panel in Study I. Other recent 
publications have also shown the potential of chest tomosynthesis compared 
to conventional radiography in the cases of mycobacterial disease100, metasta-
sis resulting from colorectal cancer54, pulmonary lesions101, pleuropulmonary 
disease102, pulmonary emphysema19, and cystic fibrosis103,104.  
As can be seen in the FROC curves in Figure 8, the NLF for chest tomosyn-
thesis was higher than for conventional chest radiography for all observers, 
meaning that the observers erroneously marked a larger number of normal 
structures in tomosynthesis. It may thus appear that the performance of the 
observers in tomosynthesis was poorer than in conventional radiography. 
However, in order to correctly assess the detectability of a modality as infe-
rior or superior to another, both the LLs and the NLs must be taken into 
account. The observers in Study I actually made a higher number of LLs in 
the tomosynthesis images, and at the same value of LLF the value of NLF 
was actually lower for tomosynthesis than for conventional radiography. The 
higher NLF for tomosynthesis is thus not a consequence of poorer perform-
ance of the observers, but may be a result of the observers using the confi-
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dence levels differently in tomosynthesis and conventional radiography. 
Also, it is possible that tomosynthesis render a larger number of both LLs and 
NLs because the examination results in more images and reveals more suspi-
cious structures. 
 
6.2 Learning effects in chest tomosynthesis 
The effects of learning on the detectability of pulmonary nodules in chest 
tomosynthesis were investigated in Studies II and III. No statistically signifi-
cant differences were found among the experienced thoracic radiologists 
investigated in Study II between the two readings of the same 89 cases before 
and after the additional year of experience, during which chest tomosynthesis 
had become clinically established at the department. A possible explanation 
of this may be that the observers had already reached a level within the initial 
six months of using tomosynthesis from which they could not improve fur-
ther. This assumption was strengthened by the results of Study III, where no 
statistically significant differences could be found for these observers after 
learning with feedback. However, the FROC curves shown in Figure 10 dif-
fered between the readings before and after additional clinical experience. 
Since the curves overlap each other, this difference is not due to a change in 
performance, but is rather an effect of the observers using the confidence 
levels differently in the two readings. This may be partly explained by the 
fact that the observers were aware of the large number of NLs in tomosynthe-
sis in Study I. Thus, attempts to decrease the number of NLs in the second 
reading resulted in a corresponding decrease in the number of LLs. This 
demonstrates the importance of analyzing the detectability of lesions, in 
which sensitivity and specificity are related to each other, rather than using 
these fractions separately; the detectability being more difficult to alter, while 
the fractions might more easily change with the attitude of the observer alt-
hough the performance remains unchanged. 
For the observers with least experience in chest tomosynthesis in Study III 
(Observers E and G), statistically significant differences were found between 
their performance before and after learning with feedback, enabling these 
observers to reach a similar level of performance to the experienced observ-
ers. It may seem surprising that the performance of Observer F, the resident, 
did not improve after learning with feedback, since this observer had less 
experience in general radiology than Observer E, the consultant radiologist. 




3 months’ experience in thoracic radiology, while Observer E had no experi-
ence at all of the technique. It is thus plausible that observers, in terms of 
detecting pulmonary nodules, may reach a high level of performance by 
either a relatively short period of assessing chest tomosynthesis images, or by 
learning with feedback. 
The learning-with-feedback session was conducted in close collaboration 
with researchers from the Department of Education, Communication and 
Learning at the University of Gothenburg, Sweden, who video recorded the 
learning session. In order to investigate how experienced radiologists analyze 
images obtained with the new modality, and how the session design affects 
the development of skills of the inexperienced observers, the conversations 
and gestures of the observers during the session were analyzed. It was seen 
that the experienced radiologists were able to quickly draw conclusions from 
the images, based on their previous knowledge in the field of medical imag-
ing105. In the case of the inexperienced observers, it was concluded that the 
public display of the individual assessments of the chest tomosynthesis 
images, the diversity of experience among the participants and the fact that 
CT images and tomosynthesis images were displayed side by side for com-
parison might have been important factors leading to improvement106. These 
observations agree well with the conclusions of Papers II and III, stating that 
experienced radiologists may easily adapt to the analysis of tomosynthesis 
images, and that the learning session might be useful for inexperienced radi-
ologists to help them learn how to analyze tomosynthesis images. 
The most experienced observers analyzed the same 89 chest tomosynthesis 
cases three times, and it may be anticipated that this might have led to recall 
bias. However, since the readings were separated by at least one month, and 
since the observers did not know which nodules were true according to the 
consensus panel, it could be argued that the use of these cases several times 
did not lead to any bias. Also, there was no improvement in performance 
after several readings of the cases, which should have been the case, had the 
observers benefited from repeatedly analyzing the images. 
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6.3 Image quality criteria and potential 
pitfalls in chest tomosynthesis 
At the learning session described in Paper III, potential pitfalls in chest tomo-
synthesis were compiled and image quality criteria were developed. The most 
common pitfall was found to be the result of the limited depth resolution in 
tomosynthesis. False positive marks and false negatives were often made near 
the pleural border, especially posteriorly and anteriorly when highly attenu-
ating structures such as the ribs were perpendicular to the direction of the 
radiation field. Knowing the location of a structure close to the pleural border 
is of the uttermost importance, as the clinical significance of a structure 
located in the parenchyma is higher than that of a structure situated in the 
pleura. Although it is difficult to distinguish between a parenchymal and 
subpleural structure in chest tomosynthesis, mistakes could be avoided by 
relating the location where a suspected nodule is in focus to the location 
where structures outside the parenchyma, closest to the nodule (for example 
ribs), are in focus. The suggestions for avoiding pitfalls reported in Paper III 
were primarily intended for radiologists with little or no experience of chest 
tomosynthesis, such as Observer E, who might have benefited from these 
instructions when analyzing the 89 cases after learning with feedback.  
The regions close to the pleura have also been reported to cause the greatest 
problems in chest tomosynthesis by others. Yamada et al. noted that the 
majority of the missed nodules in tomosynthesis were located in the subpleu-
ral region18, and in a series of studies Quaia et al. found that lesions that were 
misinterpreted in tomosynthesis images were often located anteriorly or pos-
teriorly, close to the thoracic wall56,101,107,108.  
The opinion of the radiologists participating in Study III was that the propor-
tion of pleural and subpleural changes in the 25 cases used for learning with 
feedback was higher than normal. As a consequence, the problem of location 
close to the pleura may have been overestimated in the formulation of the 
pitfalls, as these were based on the analysis of these 25 cases. However, this 
pitfall has been identified as common also by others18,56,101,107,108, as men-
tioned above, thus confirming the conclusion in Paper III. As the number of 
cases was small, only a limited number of pathologies may have been 
included, and all the potential pitfalls in tomosynthesis may not have been 
identified. The list of pitfalls may, therefore, be extended in the future. 
The process of drawing up the list of potential pitfalls was analyzed by 




versations between the participants, when condensing the difficulties into 
different categories of pitfalls, were analyzed. This analysis revealed that the 
observers gradually became familiar with the various types of pitfalls, finally 
recognizing them very quickly and referring to them as something obvious. 
The discussions seem to have rendered a new awareness of pitfalls, although 
this was not manifested as an improvement in the performance of the experi-
enced radiologists. It is therefore plausible that these observers, although they 
had already reached their peak performance regarding the detection of nod-
ules in tomosynthesis, nevertheless lacked experience in communicating their 
interpretations of the new modality, and thus the learning session could, in 
this sense, also have been beneficial for the experienced observers. 
During the learning session, suggested quality criteria for chest tomosynthe-
sis, based on the European quality criteria for conventional chest radiog-
raphy97 and thoracic CT98, were discussed and evaluated using normal tomo-
synthesis cases. The criteria were not subject to such thorough investigations 
as in the development of the European quality criteria97,98, and they may 
therefore be further improved if necessary. Nonetheless, they should still be 
useful in their current form for the optimization of tomosynthesis examina-
tions, as has also been pointed out by Chou et al.110. 
 
6.4 Dose reduction in chest tomosynthesis 
Paper IV describes the study in which the effect of dose level on the detecta-
bility of pulmonary nodules was investigated. The results indicate that a sub-
stantial dose reduction from the standard clinical setting may be possible. No 
statistically significant difference was found between the 32% dose level 
(corresponding to an effective dose of 0.04 mSv for a standard-sized patient) 
and the original standard setting giving an effective dose of 0.12 mSv. How-
ever, a statistically significant difference was found between the 12% dose 
level and the original dose. 
It should be emphasized that a lack of evidence of a significant difference is 
not evidence of a lack of difference. Even so, the potential differences in 
FOM between the higher dose levels are probably small considering the rela-
tively large sample size. Similar results have been reported by Hwang et 
al.111, who found no statistically significant differences in the detectability of 
nodules >4 mm in a phantom between the original dose of 0.14 mSv and 
chest tomosynthesis performed at a reduced dose of 0.06 mSv. Also, Kim et 
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al.100 reported that chest tomosynthesis performed at an effective dose of  
0.05 mSv was statistically significantly superior to the PA projection in con-
ventional radiography for the detection of lesions resulting from pulmonary 
mycobacterial disease.  
Implementation of the dose reduction in the VolumeRAD system, as sug-
gested by the results of Study IV, may be difficult without changing the beam 
quality. The automatic exposure control cannot adapt the dose correctly to 
thin patients even at the standard dose setting due to the limitation on the 
minimum output of 0.25 mAs per projection. However, a reduction in dose 
may be possible if the tube voltage is lowered in combination with additional 
copper filtration, as conducted by Hwang et al.111 and Kim et al.100. 
Because the DQE decreases with the dose for the extremely low doses used 
in the VolumeRAD tomosynthesis system89, the dose reduced images will 
appear as being acquired at an even lower dose than that chosen for the dose 
reduction simulation. For the 32% dose level, for example, the noise level 
will correspond to an examination acquired at ~25% of the original dose had 
the DQE remained constant at low doses. It may, therefore, be possible to 
lower the dose even further than indicated by the results of the dose reduction 
study if the DQE could be increased for low doses.  
Before each detection study performed in study IV, the observers analyzed a 
set of demonstration cases for each dose level in order to adjust their confi-
dence levels. As a consequence, the meaning of the confidence levels for 
each dose level is unique, and the NLFs and the LLFs at different dose levels 
cannot be compared separately. However, it is appropriate to compare the 
JAFROC FOMs at different dose levels, since this measure includes both the 
NLF and the LLF, and should thus be independent of the meaning of the con-
fidence levels at the various dose levels. 
 
6.5 General discussion 
In all four studies, chest CT was used as the reference for determining the 
truth. However, although it is superior to chest tomosynthesis and conven-
tional chest radiography regarding the detection of lesions, CT as an imaging 
modality does not provide definitive information on the true nature of lesions. 
Invasive procedures, such as biopsy, are an option, but such methods are also 




ies described here were based on comparisons between modalities, readings 
or dose levels, it is, however, reasonable to believe that the results were unaf-
fected by the lack of an ideal truth.  
The reference method differed between the studies, as the truth in Study IV 
was determined using sub-mm CT reconstructions and computer-aided 
detection as a third observer, while in Study I-III thicker CT reconstructions 
were used. This might explain the finding that the 86 cases used in Study IV 
were deemed to have a higher fraction of small nodules, according to the 
consensus panel, than the 89 cases used in the other studies. As a conse-
quence, the JAFROC FOMs reported in Paper IV were lower than those 
reported in the previous papers, even for the 100% dose level, despite the fact 
that only the nodules visible in the tomosynthesis images according to the 
consensus panel were included in the analysis in Study IV. Because of this, 
the results of Study IV cannot be compared with those from the other studies. 
Further, the JAFROC FOM was low in all studies. However, this does not 
reflect the actual difference in detectability between tomosynthesis and CT, 
since the observers did not analyze the CT images. If they had, the FOM for 
CT would most probably have been <1. Also, the low FOM should be viewed 
in light of the fact that the JAFROC FOM ranges from 0 to 1, in contrast to 
AUCROC, which ranges from 0.5 to 1. 
In the studies presented here, FROC was used to obtain the observer perfor-
mance data. The gold standard in observer performance studies is, however, 
still the ROC methodology. Both paradigms have been accused of draw-
backs112–114, for example, of not sufficiently resembling the clinical situation: 
FROC methodology because it does not allow classification in terms of 
which patients need further work-up, and ROC since it does not include 
information on the location of the lesions. FROC has also been criticized for 
being dependent on a lesion location acceptance radius, and that markings 
may have different distributions in normal and abnormal cases. Regarding the 
acceptance radius, care should be taken to minimize the risk of erroneously 
classifying a mark as true or false.  In the studies presented here, all dubious 
marks were therefore visually compared with the marks made by the consen-
sus panel in order to ensure correct classification. In order to prevent the 
potential problem of differences in distributions between markings in normal 
and abnormal cases, JAFROC2, which uses only NL in normal images, has 
recently been recommended instead of JAFROC1. Regarding ROC, one of 
the most common arguments against the methodology is that no information 
on the location of the lesion is included, as this might lead to an observer 
reporting an abnormal case as abnormal based on the classification of a non-
Detection of pulmonary nodules in chest tomosynthesis  
48 
 
lesion as a lesion, while in fact missing the true lesion. Another drawback is 
that it has lower statistical power than FROC, and the number of observers 
and/or cases may be small in medical imaging studies. The advantages of the 
ROC methodology are that it has been widely used, and therefore more rigor-
ously tested, is more intuitively understood, and that the statistical issues 
associated with it are less problematic. However, the FROC methodology is 
gradually gaining greater acceptance, although it has been subject to repeated 
changes and may therefore be more difficult to grasp. The choice of method 
should depend on the purpose of the study.  In the case of a disease that 
cannot be exactly located, ROC may be the appropriate choice, while for the 
detection of more delimited lesions, for example, pulmonary nodules, FROC 
may serve the purpose better. 
Chest tomosynthesis is a relatively new modality and has not yet been thor-
oughly evaluated. Therefore, it is probably not yet used according to its true 
potentials. So far, it has primarily been used as a problem-solving tool when 
suspicious findings on chest radiographs have been difficult to assess11,14. The 
advantage of tomosynthesis when used as a problem solver is the potential to 
reduce the number of patients requiring CT. Since tomosynthesis can be per-
formed in direct conjunction with the conventional radiography examination, 
rescheduling of patients for CT may be avoided, and consequently the radia-
tion dose, the time required for examination and the financial cost of diag-
nosis can be reduced. Another advantage, of the utmost importance for the 
patient, is that of an early diagnosis. The clinical evaluations of tomosynthe-
sis reported thus far support the opinion that the technique may be valuable as 
an addition to conventional radiography, as it has been shown that the use of 
tomosynthesis increases the diagnostic accuracy of conventional radiography 
and reduces the number of patients requiring CT after suspicious findings in 
conventional radiography101,107,108. 
 
6.6 Future perspectives 
Potential scenarios for how tomosynthesis may be used in the future include 
the evaluation of suspicious lesions seen on conventional chest radiographs, 
as an additional or replacement form of examination in all or some patients 
undergoing conventional chest radiography, and for the follow-up of known 
nodules (i.e. replacing CT)8. So far, chest tomosynthesis has mainly been 
used as a problem-solving tool for suspicious findings in conventional chest 




recognized as beneficial, it is probable that chest tomosynthesis will continue 
to be used in this way, at least in the near future. 
Although it has been discussed, the use of chest tomosynthesis as a replace-
ment or additional mode of examination for all patients undergoing conven-
tional chest radiography has not been implemented. As indicated in Paper IV, 
the dose used for chest tomosynthesis might at present be higher than that 
required to obtain images of diagnostic quality. Also according to the results 
of other studies, a reduction of the dose to a level in the vicinity of that used 
for a conventional LAT radiography examination may be possible100,111. The 
question of whether chest tomosynthesis can replace the lateral projection, 
and thus the whole conventional chest radiography examination (since the 
scout image is identical to the PA projection) is therefore an interesting one, 
but must be thoroughly evaluated, not least because tomosynthesis is more 
expensive and time consuming than conventional radiography. Also, and 
most importantly, it remains to be demonstrated that tomosynthesis at a 
reduced dose can provide information of the same, or better, diagnostic value 
as the lateral view in conventional radiography. Finally, the risk of higher 
numbers of false positive findings in tomosynthesis than in conventional 
radiography must be taken into consideration. 
The use of chest tomosynthesis as a replacement for, or in addition to, con-
ventional chest radiography may be appropriate in some patient groups, for 
example, high-risk patients. One such category is patients at risk of devel-
oping lung cancer. The use of conventional radiography in lung cancer 
screening has not been found to reduce lung cancer mortality115. However, 
CT at a reduced dose has been found to lead to a 20% reduction in lung 
cancer mortality compared to screening with conventional radiography116. 
Since it has been found that the detectability of nodules is higher in tomo-
synthesis than in conventional radiography (Study I and other studies18,55), 
and that tomosynthesis may be an alternative to CT for detection of artificial 
nodules117 and metastases from colorectal cancer54, it is possible that tomo-
synthesis may be an option for lung cancer screening, resulting in advantages 
associated with costs, workflow and radiation dose compared to CT. How-
ever, the benefit to the patient of tomosynthesis screening must be thoroughly 
investigated. Further, replacing conventional chest radiography by chest 
tomosynthesis has been recognized as suitable for staging of cystic fibrosis in 
children and young adults, and has therefore been suggested as replacement 
for conventional radiography for this patient category118. 
 
The use of chest tomosynthesis instead of CT may also be appropriate for 
selected patients. Tomosynthesis may be an interesting option for the follow-
up of known nodules, since many lesions found by CT can be identified ret-
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rospectively in tomosynthesis, according to e.g. Paper 1 and Dobbins et al.96. 
Recent studies have shown that the nodule size measurement in tomosynthe-
sis images corresponds well with the values obtained from CT images119,120, 
supporting the potential use of tomosynthesis for this purpose. However, as 
Dobbins and McAdams pointed out8, there may be a risk of missing new 
small nodules in patients followed up with tomosynthesis instead of CT. 
As always when a new imaging technique is implemented, it is necessary to 
optimize the examination protocols. For chest tomosynthesis, optimization 
may include finding the optimal tube voltage and filtering. The use of a lower 
tube voltage in the VolumeRAD system, in combination with additional fil-
tering, may be beneficial as higher tube outputs could be generated at a lower 
tube voltage (eliminating the problem of the tube output limitation of  
0.25 mAs for thin patients), without increasing the effective dose. This 
approach may also be useful if a dose reduction is to be implemented. An 
interesting topic for future studies would thus be the dependency of image 
quality and/or the detectability of lesions on tube voltage and filtering. The 
angular range and number of projections are other important parameters in 
the optimization of tomosynthesis examinations. One option for dose reduc-
tion may be to perform tomosynthesis in a narrower angle interval, or to 
acquire fewer projection images. However, this may have a negative influ-
ence on image quality because artifacts may arise when tomosynthesis is per-
formed using an insufficient angle interval or number of projection images, 
or too large an interval between projections42. Nevertheless, the above men-
tioned factors must be investigated to find the parameters resulting in the 
optimal performance of the tomosynthesis system. 
As tomosynthesis lies between CT and radiography, regarding image quality, 
radiation dose and cost, it has some of the advantages and disadvantages of 
both techniques. Therefore, the addition of chest tomosynthesis leaves room 
for many options. The most important issue regarding the future use of chest 
tomosynthesis is, however, whether the patients examined with the technique 
will actually benefit from tomosynthesis instead of, or in addition to, the 
standard procedures. This question must be answered before the optimal use 
of chest tomosynthesis can be established. The work presented in this disser-





The general findings presented in this dissertation indicate that chest tomo-
synthesis is a promising technique for improving chest radiography with only 
small increases in the radiation dose to the patient and the cost. Chest tomo-
synthesis is superior to conventional chest radiography for the detection of 
pulmonary nodules, but its limited depth resolution in comparison to CT may 
be problematic. Although chest tomosynthesis is a new technique, it appears 
that radiologists can easily learn to interpret the images. Further, chest tomo-
synthesis is already a low-dose examination, but it may be possible to reduce 
the dose further, making the technique even more interesting in thoracic 
imaging in the future. 
The specific conclusions drawn from the studies presented in this dissertation 
are that: 
• chest tomosynthesis is superior to conventional chest radiography 
regarding the detection of pulmonary nodules, especially nodules  
≤8 mm; 
• experienced thoracic radiologists with a short initial period of experi-
ence of chest tomosynthesis may benefit from the new modality, and 
inexperienced observers may reach a level of performance regarding 
the detection of pulmonary nodules similar to that of experienced 
observers after learning with feedback; 
• the most common pitfalls in chest tomosynthesis are related to the 
limited depth resolution of the technique, which is especially trouble-
some in areas close to the thoracic wall anteriorly and posteriorly; 
and 
• a substantial reduction from the default setting dose in the chest 
tomosynthesis VolumeRAD system may be possible without a 
considerable decrease the detectability of pulmonary nodules. 
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